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Abstract 
 
The capability of transmission electron microscopy (TEM) to investigate material structure at atomic-
resolution has been enhanced with the advances of aberration-correcting electron optics. As 
conventional methods of TEM, electron diffraction technique and high-resolution TEM mode are used 
to characterize atomic or molecular structure. Although high-energy electron beam irradiation is 
inevitable during TEM imaging, utilizing graphene as an imaging template provides stable imaging 
condition. Moreover, in recent studies, TEM has been applied to observe time-resolved molecular 
dynamics at an atomic/molecular level.  
This thesis reports structural configurations and single-molecule dynamics of fullerene molecules on 
graphene via aberration-corrected TEM. Fullerene molecules on graphene substrate displays e-beam 
induced dynamical behaviors including rotational motion and diffusion, and exhibits the enhanced 
molecular robustness to electron beam. 
The first molecular system, C60 derivatives anchored on graphene, shows the preferential registry of 
longer molecular axis along graphene zigzag or armchair lattice directions due to the stacking-
dependent molecule-graphene energy landscape. The calculated cross section from elastic scattering 
theory was used to experimentally estimate the rotational energy barriers of molecules on graphene. 
The observed energy barrier was within the range of 1.5–12 meV per atom, which is in good agreement 
with previous calculation results. We also performed molecular dynamics simulations, which revealed 
that the edge atoms of the molecule form stably bonds to graphene defects and can serve as a pivot point 
for rotational dynamics. 
In the other molecular system, C70 molecule on graphene, disordered molecular structure and single 
molecular dynamics are investigated. The automatic procedure to identify molecular positions in the 
disordered state allows us to obtain pair and triplet distribution functions of C70 molecules, which clearly 
shows the short-range molecular ordering. Interestingly, the single molecule monitoring further shows 
e-beam induced heterogeneous diffusive behaviors near a pore in C70 packing, which is a liquid-like 
property of a normal amorphous material above its glass transition temperature. 
Our study demonstrates the versatility of aberration-corrected TEM for the investigation of molecular 
dynamics, disordered molecular system and configuration-dependent energetics at a single molecular 
level. 
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I. Introduction 
 
 
1.1 Structural investigation using transmission electron microscopy 
Since transmission electron microscopy (TEM) was first invented in 1930s, the performance of this 
instrument has been improved with the advancement of technology, allowing to explore the smaller 
world. Recently, TEM imaging at atomic-scale resolution is possible due to the development of 
aberration-corrector of electron optics, attracting more research interests at a single atom or molecule 
level, especially in condensed matter physics and material science.1,2 
One of the conventional methods to characterize material structure is diffraction. When the electron 
beam passes through a specimen that we intend to investigate the structure of, the interaction of electron 
beam with periodicity of the atomic potential in the material generates diffraction pattern, which 
provides the structural information of the frequency domain. To study the periodic structure of material, 
diffraction technique is a good approach for well-known crystal structure by matching the distance and 
shape of diffraction pattern. In the case of image reconstruction from the diffraction pattern, 
experimentally obtained diffraction data requires more procedures to get real-space image, because the 
diffraction data itself has no phase information for inverse Fourier transform.3,4 Moreover, the 
diffraction method shows only average information of structure within the transmitted beam spot, which 
is limitation in resolving structural disorder and heterogeneity at atomic or molecular resolution. 
The high-resolution transmission electron microscopy (HRTEM) mode is another way to analyze the 
structure. HRTEM shows a real-space image that can observe the position of individual atom or 
molecule. However, HRTEM imaging condition is mostly performed under the high-voltage beam 
irradiation ranging from 80 keV to 200 keV. The high-energy electron beam causes a beam-damage 
issue including structural response, such as knock-on damage, catalytic effect of chemical reaction and 
molecular bond dissociation.5,6 For structural investigation with stable imaging, it is crucial to prepare 
appropriate sample that can endure under the e-beam irradiation. 
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1.2 An imaging template: Graphene TEM grid 
As discussed in the previous section, the high-energy electron beam acts as an energy source that can 
affect the structural stability and even hinder stable imaging. Here, graphene has been used as an 
imaging substrate that can reduce structural damage. From the beam irradiation, graphene can fast 
transfer the energy with the high electrical and thermal conductivity.7,8 Also, atomically thin layered 
structure of graphene only gives hexagonal lattice signal to the image, which can be easily removed 
through the Fourier masking technique. 
Additionally, utilizing graphene as an imaging template can be prepared with ease. Chemical vapor 
deposition (CVD) method can synthesize a single-layer graphene on copper foil.9 The CVD-grown 
graphene is directly transferred to a Quantifoil holey carbon TEM grid without any polymer support.10 
To investigate molecular structure or dynamics, researchers have tried to deposit a variety of atoms or 
molecules to the graphene TEM grid. Also, the development of graphene encapsulation and liquid cell 
technique facilitates the atomic-level resolution imaging of various molecular system, such as colloidal 
nanoparticles or two-dimensional crystals.11-13 
1.3 Direct imaging at a single molecular level 
When atomic/molecular-level resolution imaging is applied in terms of time-resolved studies, 
molecular dynamics can be observed in nanoscale. Scanning tunneling microscopy (STM) has been 
used to visualize and actuate molecular movement at a single molecular level, such as nanocars and 
molecular motors. Previous studies report that STM can successfully control the translation and rotation 
of single molecules, using electrical bias of a STM tip.14,15 However, due to the scanning process of 
STM, the temporal resolution to observe dynamical behaviors is limited. Moreover, structural 
investigation of STM relies on the interaction between the STM tip and the sample surface, which has 
limitation in imaging internal structure of the sample. In the case of transmission electron microscopy 
(TEM), recent studies have demonstrated imaging of the motion of atoms or molecules with decent 
temporal resolution.16-18 However, researchers have difficulty in preparing the appropriate sample to 
study various molecular systems. 
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II. Rotating C60 derivative molecules anchored on graphene 
 
 
2.1 Introduction 
Research on molecular dynamics at single molecular level has been attracting much attention with 
its significance in molecular assembly process1, 2 as well as nanoelectromechanical systems (NEMS).3-
6 By tuning the molecule-surface interaction as well as the kinetics of assembly, researchers have been 
investigating various ways to efficiently control the molecular assembly process.7, 8 Moreover, NEMS 
at molecular level, such as nanocars and bottom-up constructed mechanical devices has tremendous 
potentials in ultra-small mechanical components.5, 9, 10 In this respect, actuation and visualization of 
molecules, especially at single molecular level, are of great importance as they can provide direct 
information on the molecular dynamics. 
Previously, scanning tunneling microscopy (STM) have been mainly carried out to control and image 
molecular configurations at single molecular level.6, 9-17 Especially, using electrical bias by STM tip, 
researchers have demonstrated the induction of the directional translational motions or rotational 
motions of single molecules.6, 9-17 Transmission electron microscopy (TEM) is another valuable tool for 
imaging atoms and molecules.18, 19 Previous studies using TEM have clearly visualized various atomic 
and molecular dynamics.20-22 Moreover, the recent development of faster imaging and acquisition 
process of TEM allows imaging with temporal resolution of around 100 Hz and even much higher,23-25 
opening up exciting opportunities to observe various dynamic process. Most previous reports via TEM 
observation, however, have focused on translational atomic/molecular motion.20, 21, 26-28 Rotational 
molecular dynamics at single molecular level has mainly been unexplored due to the difficulty of 
preparation of a single molecular system showing the exclusively rotational degree of freedom and no 
translational degree of freedom.29 
Here we utilize aberration-corrected transmission electron microscopy (ACTEM)18, 19 to directly 
image rotational motions of nanoscale molecules anchored on single-layer-graphene sheet. The 
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preferential registry of longer molecular axis along graphene zigzag (ZZ) or armchair (AC) lattice 
directions is observed, which originates from the stacking-dependent molecule-graphene energy 
landscape. The calculated cross section from elastic scattering theory is used to estimate the rotational 
energy barriers of molecules on graphene, which range from 1.5 meV/atom up to 12 meV/atom. 
Moreover, our molecular dynamics simulations provide insight into the anchoring mechanism between 
molecule and graphene substrate. The presented study demonstrates that TEM can provide valuable 
information on molecular dynamics and energetics of molecular configurations at single molecular level. 
 
2.2 Result and analysis 
Previous studies have demonstrated that graphene is an ideal substrate for observing molecular 
dynamics at atomic and molecular levels.26-28 To form stably anchored molecules on graphene 
membrane, we deposit C60 derived small molecules onto graphene via spin-coating (See Methods and 
Figure 1 for detailed sample preparation).30 The deposited C60 containing molecule, which has a long 
solubilizing branched carbon chain, can migrate and make stable anchoring onto graphene point defect 
sites. In this case, molecules can freely rotate on graphene with one pivot point and the rotational motion 
of molecules can be monitored at single molecular level. The observed density of adsorbed molecules 
is consistent with the previously-reported density of point defects in the chemically synthesized 
graphene.31, 32 Couple of C60 molecules can also be aggregated to form larger molecules with non-
spherical shapes (Figure 2). On the other hand, nanometer-sized hydrocarbon adsorbed on graphene 
surface can also be utilized for rotational motion monitoring. The lateral size of hydrocarbon ranges 
from couple of nanometers to hundreds of nanometers and small hydrocarbon molecules can undergo 
similar rotational motions under TEM imaging. Monitoring of various molecules allow us to investigate 
the size-dependent molecular rotational behaviors.  
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Figure 1. Structural formula of C60-containing poly(norbornene) derivative (࢓ = ૜). The detailed 
synthesis of molecules can be found in the previous report.30 
 
 
Figure 2. TEM imaging of rotating molecules on single-layer graphene. (a-b) TEM images of 
rotating molecules on graphene. The inset is the fast Fourier transform (FFT) of the image. Molecules 
marked with dashed circles are monitored and shown in panel c (blue dashed-circle), d (red), and e 
(white), respectively. Scale bar, 2nm. (c-e) Sequential TEM images of rotating molecules. The white 
and yellow dashed lines indicate underlying graphene zigzag and armchair lattice directions, 
respectively. The image in d-(i) displays the overlapping molecular directions due to its faster rotational 
motion compared to the image acquisition time (0.2 sec). Scale bar, 1nm. 
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Figure 2 shows various time sequences of TEM images of rotational motion of molecules on 
monolayer graphene. From their size and shapes, the observed molecule 1 and molecule 2 in Figure 2a 
appear to be C60 derived molecules, whereas the molecule 3 has the shape and size of a hydrocarbon 
molecule. We occasionally observe that some molecules disappear out of imaging field of view during 
TEM imaging, which can be attributed to the lack of stable anchoring between molecules and graphene. 
On the other hand, molecules with stable anchoring can be imaged for long enough imaging time, which 
enables us to continuously analyze rotational motions. At different time frames of recorded movies, we 
observe the rotational direction of molecules frequently changes as shown in Figure 2c-e. The molecular 
rotation is mainly induced by direct energy transfer from elastic scattering with incident electrons, rather 
than the thermal effect, which will be discussed in detail later in the manuscript.33, 34 
Molecules also often exhibit preferential residing molecular angles with respect to graphene lattice. 
With the graphene real-space images and their Fourier transforms, we can assign ZZ and AC lattice 
directions of graphene support. Figure 2c-e shows the images of molecular long axis is often aligned 
along ZZ and AC directions of graphene support. Notably, Figure 2d-(i) shows overlapping 
configuration between different molecular angles where it clearly shows the three-fold symmetric image 
pattern. In this case, the rotational movement occurs faster than our imaging frequency (5 Hz). This 
observation supports that there is a clear effect from underlying graphene lattice; the observed 
preferential molecular angles indicate that there are energetically favored azimuthal configurations. 
To understand the preferred angular configurations on graphene in detail, we analyze TEM movies 
frame by frame and make a histogram of observed angular distributions. Molecules usually exhibit 
anisotropic shapes often with elongation and we use the longer axis of molecules for their configuration 
assignment (Figure 3a-c). The relative angle between molecular axis and graphene ZZ lattice is 
compiled for analysis as shown in Figure 3e. The histogram clearly shows the preferential molecular 
configuration along ZZ or AC directions. The size of each molecule is represented as the estimated 
number of carbon atoms (N) in each molecule, which is used later in the manuscript for calculation of 
rotational energy barrier per atom. 
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Figure 3. Observation of preferential molecular directions on graphene due to molecule-graphene 
interaction. (a-c) TEM images (left panels), atomic models of ultra-short carbon nanotubes on 
graphene membrane (middle), and corresponding TEM simulation images (right). The white line 
represents molecular axis. Pivot points are marked as red circles. The relative angle between molecular 
axis and ZZ graphene lattice direction is labeled. Scale bar, 1nm. In panel a, the molecule has the AB 
interlayer stacking with respect to underlying graphene lattice. (d) side-view of an ultra-short carbon 
nanotube. (e) Histogram of the molecular axis angular distribution. The angle is measured from the ZZ 
direction of graphene lattice. The different colors correspond to different molecules, where the number 
of atoms of each molecule N is estimated from TEM images. (f) Schematic plot of interaction energy 
of ultra-short carbon nanotube on graphene sheet, adapted from ref 42. Commensurate state indicates 
AB stacking between nanotube and graphene. 
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Figure 4. Time-dependent molecular configurations. (a-d) Angular configuration of molecule 1 for 
sequential time intervals. (e) The time evolution of occupancy of zigzag(ZZ) and armchair(AC) 
configurations. The thick lines are guides to the eye. 
 
The preferential configuration of molecules can be explained by stacking-dependent molecule-
graphene interaction. To further analyze the observed behavior, we model molecules as ultra-short 
carbon nanotubes (or elongated fullerenes). Previously researchers have found that the straight folded 
edges of molecules often can be assigned as ZZ or AC atomic edged direction.35, 36 Moreover, the 
observed molecules in our experiment have dark edge contrast due to folded edge structure.35, 37 
Therefore, it is very likely that the molecules have structures similar to ultra-short carbon nanotubes. 
Following this, we construct atomic models of ultra-short carbon nanotubes with the assumption that 
the long straight edge is mainly ZZ edged direction. The assigned molecular models are shown in the 
middle panels of Figure 3a-c (top-view) and Figure 3d (side-view). Simulated TEM images using the 
constructed molecular models reproduce the experimentally observed images very well (Figure 3a-c, 
right panels.). We find that, for this model structure, there is a possible AB stacking (commensurate) 
between graphene and the molecule when the molecule assumes the rotational configuration of 0 degree 
(Figure 3a). Previous theoretical calculations report that AB stacking is the lowest energy configuration 
and there is an energy barrier around 0.1 ~ 0.4 meV/atom upon configuration change for twisted bilayer 
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case.38-41 Similarly, the commensurate and incommensurate states at carbon nanotube-underlying 
graphene interface shows the calculated energy difference of ~2.57 meV/atom as depicted in Figure 
3f.42 Due to the symmetry of system, we expect to have the local energy minimum every 60 degree 
interval (or 30 degree interval for different molecular structures), which can lead to the trap of the 
molecules at these configuration. We also note that molecules generally exhibit increasing occupancy 
of ZZ or AC configurations at the later phase of TEM imaging (Figure 4). We attribute this observation 
to the electron-beam-induced structural changes of molecules; the molecules can be structurally 
modified to have better crystallinity, which can result in the increased degree of interaction with 
graphene substrate. 
Now we start discussion on the energy transfer to carbon atom in molecules from elastic scattering 
and the estimation of energy barriers ܧ௕ for the molecular rotational motion. The rotational motion of 
molecules requires the energy input bigger than the energy barrier for rotational motion. Here we 
estimate the energy input using the elastic scattering of carbon atom with incident electron beam.43 For 
energy transfer from the elastic scattering, we consider only surface-directional transferred momentum 
to carbon atom, which mainly contributes to the actual rotation on surface (Figure 5). Figure 6a shows 
the energy transfer rate to molecule 2 (approximately 267 carbon atoms) as a function of surface 
transferred energy using analytically approximated scattering cross section.43 When there is a scattering 
event with the transferred energy higher than the rotational energy barrier ܧ௕, we assume that the 
molecule undergoes the rotational motion. Once we take the number of carbon atoms consisting of the 
molecule ܰ into account, we obtain the rotation event rate as 
Event rate = න ܬܰ(݀ߪ/݀ܧ)݀ܧ
ா೘ೌೣ
ா್
 (1) 
where ܧ௠௔௫ is the maximum surface transferred energy, ܬ is the electron beam current density, ܧ௕ 
is the energy barrier to rotate, ݀ߪ/݀ܧ is the differential cross section for Coulomb scattering between 
an incident electron and a carbon nucleus. 
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Figure 5. Elastic scattering geometry for surface-directional momentum transfer from incident 
electron beam to carbon atom in molecule.  
 
 
 
Figure 6. Estimation of rotational energy barriers of molecules on graphene. (a) Calculated energy 
transfer rates to a molecule (molecule 2) as a function of transferred energy from elastic scattering 
events with incident electron beam. The event rate where the energy above an energy barrier threshold 
is transferred to a molecule can be obtained from the shaded area under the curve starting from the 
chosen energy barrier. (b) Contour map of rotational energy barrier as a function of observed event rate 
and the size of molecule. The error bar indicates the standard deviation of the event rate from shorter 
time interval data. 
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Table 1. The analyzed data set of molecules to estimate the rotational energy barriers.   
Molecule 
# 
Total # of 
atoms 
Normalized 
event rate 
(s-1) 
Surface energy 
barrier threshold 
(eV) 
Energy barrier 
(meV / atoms) 
Energy barrier per C60 
(meV / C60 molecule) 
1 114 1.7±0.8 0.27 
2.4 
1.6 (lower limit) 
4.7 (upper limit) 
1.4 × 10ଶ 
9.7 × 10ଵ (lower limit) 
2.8 × 10ଶ (upper limit) 
2 267 2.7±0.8 0.40 
1.5 
1.1 (lower limit) 
2.1 (upper limit) 
8.9 × 10ଵ 
6.8 × 10ଵ (lower limit) 
1.3 × 10ଶ (upper limit) 
3 279 0.15±0.10 3.3 
12 
9.6 (lower limit) 
14 (upper limit) 
7.0 × 10ଶ 
5.8 × 10ଶ (lower limit) 
8.2 × 10ଶ (upper limit) 
 
We obtain the energy barrier ܧ௕ by matching the calculated event rate (1) and the experimentally-
observed rotational event rate. For example, we observe that the molecule 2 undergoes the rotational 
motion with 2.7 s-1 event rate. Figure 6a shows that, by setting ܧ௕ = 0.40 eV, we can reproduce the 
observed event rate. Figure 6b shows the contour map of estimated barriers as a function of the size of 
molecules (or the number of atoms, N) and experimentally-observed rotational event rate. When we 
take the number of atoms (N) of molecule into account, we can also calculate the energy barrier in terms 
of energy per atom. From three molecules we have monitored, we find that the energy barrier range 
from 1.5 meV/atom to 12 meV/atom (Table 1). The molecule 3 (hydrocarbon molecule) shows higher 
energy barrier compared to molecule 1 and 2 (C60 derived molecules). We attribute this behavior to the 
fact that the hydrocarbon molecule shows more flattened molecular shape, resulting in higher 
interactions with graphene compared to molecule 1 and 2. The observed energy barriers for rotational 
motion are consistent with the previously calculated energy difference for configurational change of 
adsorbed carbon nanotube on graphene, ~ 2.57 meV/atom.42 Another recent theoretical calculation 
result using first principles calculations including Van der Waals interaction on C60/graphene shows 
that there is an energy difference of ~ 150 meV per C60 molecule depending on C60 adsorption 
configurations on graphene.44 The observed energy barriers is 89 ~ 702 meV/C60 molecule in our 
experiment (Table 1), which is in good agreement with the previous calculations. We also note that we 
only consider the energy transfer from elastic scattering and ignore other mechanisms. Among them, 
thermal effect from electron beam can be negligible because graphene imaging substrate has the 
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excellent thermal and electrical conductivity.45, 46 Previous TEM studies on similar imaging conditions 
have already shown that there is negligible heating from electron beam.33, 34 
 
 
Figure 7. Molecular dynamics simulation. Tight-binding molecular dynamics simulation of a rotating 
graphene nanoflake on graphene substrate (top and side perspective). The edge atoms of the graphene 
nanoflake form stable bonds with underlying graphene defect and serve as a rotating pivot point. (red 
circle) 
 
We also perform tight-binding molecular dynamics (TBMD) simulations to obtain the insight on the 
mechanism of rotational molecules anchored on graphene. This work is performed by Professor Gun-
Do Lee. Here we use graphene nanoflake on graphene as a model system. We note that the thermal 
energy input, rather than the direct energy transfer from electron beam, induces atomic dynamics in 
TBMD simulations. Nevertheless, TBMD is very efficient to explore possible atomic configurations 
and has successfully reproduced various dynamical behaviors observed in carbon-based materials 
through TEM experiments.47, 48 Figure 7 shows the snapshots of simulations of rotating graphene 
nanoflake on graphene. At the beginning of simulation, the molecule has the freedom for translational 
and rotational motion. However, after forming the atomic bonds between the vacancy defects of 
underlying graphene, the molecule is anchored and starts to rotate around the pivot point. The simulation 
clearly shows that the bond formation between graphene nanoflake edge atoms and underlying graphene 
defect site is stable and can host the stable rotational motion. The similar bond formation between 
observed molecules and graphene defects is expected. 
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2.3 Methods 
Sample preparation. Graphene is synthesized by chemical vapor deposition (CVD) on 25 μm thick 
copper foil (99.8 %, Alfa Aesar, Ward Hill, MA).49 The copper foil is inserted into a quartz tube and 
heated to 1,000 °C under a H2 flow of 10 sccm at 150 mTorr. After annealing for 30 minutes, a gas 
mixture of 25 sccm CH4 and 10 sccm H2 at 520 mTorr is introduced for 20 min to synthesize graphene. 
Finally, fast cooling to room temperature with a CH4 flow of 20 sccm under a pressure of 330 mTorr is 
performed. Graphene TEM grids are prepared using a direct transfer of graphene to Quantifoil holey 
carbon TEM grids without a polymer support.50 The detailed information on the synthesis of C60 derived 
molecule can be found in our previous report.30 The concentration of 2 μg/ml solution is spin-coated 
onto graphene TEM grids with 2,000 rpm for 1 minutes. 
 
TEM imaging and simulation. TEM imaging is performed with a FEI Titan operated at 80 kV 
equipped with an image corrector. The images shown in a computer monitor was captured to record a 
movie using CamStudio program with temporal resolution of ~ 0.2 sec/frame. The electron beam 
current density (J) for imaging is 1.9 ~ 3.4 × 10ସ ݁ ݊݉ିଶ ݏିଵ and the acceleration voltage of 80kV 
is used. The rotational motion of the molecules 1 and 2 are monitored with ܬ = 1.9 × 10ସ ݁ ݊݉ିଶ ݏିଵ, 
whereas the molecule 3 is monitored with ܬ = 3.4 × 10ସ ݁ ݊݉ିଶ ݏିଵ . For Figure 6b, the 
experimentally-observed event rates are normalized to values with ܬ = 2.5 × 10ସ ݁ ݊݉ିଶ ݏିଵ. TEM 
image simulations are performed using MacTempas software with experimental imaging conditions. 
Simulation images shown in Figure 3 are obtained at a defocus value of -7 nm. The molecules used for 
TEM simulation are modeled using Virtual NanoLab program.51 The geometry of the molecules is 
optimized with Brenner potential. The optimization is iterated until satisfying interatomic force 
tolerance with 0.05 eV/Å. 
 
The Coulomb scattering theory for calculating event rate. The differential cross section of elastic 
scattering43 when surface transferred energy ܧ is given can be written as 
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where ܼ is the atomic number of the target atoms, γ = (1 − vଶ/ܿଶ)ିଵ/ଶ the Lorentz factor, k଴ the 
incident-electron wavenumber, a଴ and the Bohr radius of the hydrogen atom (5.3 × 10ିଵଵ ݉). ܧ௠௔௫ 
is the maximum surface transferred energy and can be written as ܧ௠௔௫ =
ாబ(ாబାଶ௠೐௖
మ)
ଶெ௖మ
 under the 
assumption that the target atom mass ܯ is much heavier than the electron mass ݉௘ (ܧ଴ is the kinetic 
energy of the incident electron). At 80 kV TEM operation, ܧ௠௔௫ is 3.95 eV for carbon atoms. 
 
Tight-binding molecular dynamics (TBMD) simulations. The tight-binding molecular dynamics 
(TBMD) simulations were performed using a modified environment-dependent tight-binding (EDTB) 
carbon potential,52 which was modified from the original EDTB carbon potential53 to study carbon sp2 
bond networks and has been successfully applied to investigations of various defect structures in 
graphene.54-56 The self-consistent calculations were performed by including a Hubbard-U term in the 
TB Hamiltonian to describe correctly charge transfers in carbon atoms of dangling bonds and to prevent 
the unrealistic overestimation of charge transfers. In this study, the parameter U is taken to be 4 eV. 
Parabolic potential is also adapted to consider Van der Waals interaction between the top patch and the 
bottom layer. The equations of motion of the atoms were solved by the fifth order predictor-corrector 
algorithm with a time step of 1.0 fs. In the simulation unit cell, the bottom layer contains 288 carbon 
atoms and the patch contains 81 carbon atoms. The simulations were performed at a temperature of 
2,000 K under linear temperature control to accelerate the dynamics so that the structural change could 
be observed during the simulation time. The velocity scaling method was also used to control the 
temperature. In the simulation, one carbon atom is evaporated from the bottom layer at the simulation 
time of 2.5 ps to study the interaction between the patch and single vacancy. At the simulation time of 
10.8 ps, the formation of bonds between the patch and the vacancy is observed. Total simulation time 
is 34.4 ps.  
  
17 
 
REFERENCES 
 
1. Philp, D.; Stoddart, J. F., Self-Assembly in Natural and Unnatural Systems. Angewandte Chemie 
International Edition in English 1996, 35 (11), 1154-1196. 
2. Zhang, S., Fabrication of novel biomaterials through molecular self-assembly. Nat Biotech 2003, 
21 (10), 1171-1178. 
3. Schliwa, M.; Woehlke, G., Molecular motors. 2003, 422, 759. 
4. Kottas, G. S.; Clarke, L. I.; Horinek, D.; Michl, J., Artificial Molecular Rotors. Chemical Reviews 
2005, 105 (4), 1281-1376. 
5. van Delden, R. A.; ter Wiel, M. K. J.; Pollard, M. M.; Vicario, J.; Koumura, N.; Feringa, B. L., 
Unidirectional molecular motor on a gold surface. 2005, 437, 1337. 
6. Lensen, D.; Elemans, J. A. A. W., Artificial molecular rotors and motors on surfaces: STM reveals 
and triggers. Soft Matter 2012, 8 (35), 9053-9063. 
7. Meyer zu Heringdorf, F.-J.; Reuter, M. C.; Tromp, R. M., Growth dynamics of pentacene thin films. 
2001, 412, 517. 
8. MacLeod, J. M.; Rosei, F., Molecular Self-Assembly on Graphene. Small 2014, 10 (6), 1038-1049. 
9. Shirai, Y.; Osgood, A. J.; Zhao, Y.; Yao, Y.; Saudan, L.; Yang, H.; Yu-Hung, C.; Alemany, L. B.; 
Sasaki, T.; Morin, J.-F.; Guerrero, J. M.; Kelly, K. F.; Tour, J. M., Surface-Rolling Molecules. 
Journal of the American Chemical Society 2006, 128 (14), 4854-4864. 
10. Khatua, S.; Guerrero, J. M.; Claytor, K.; Vives, G.; Kolomeisky, A. B.; Tour, J. M.; Link, S., 
Micrometer-Scale Translation and Monitoring of Individual Nanocars on Glass. ACS Nano 2009, 
3 (2), 351-356. 
11. Gimzewski, J. K.; Joachim, C.; Schlittler, R. R.; Langlais, V.; Tang, H.; Johannsen, I., Rotation of 
a Single Molecule Within a Supramolecular Bearing. Science 1998, 281 (5376), 531-533. 
12. Chiaravalloti, F.; Gross, L.; Rieder, K.-H.; Stojkovic, S. M.; Gourdon, A.; Joachim, C.; Moresco, 
F., A rack-and-pinion device at the molecular scale. Nat Mater 2007, 6 (1), 30-33. 
18 
 
13. Grill, L.; Rieder, K. H.; Moresco, F.; Rapenne, G.; Stojkovic, S.; Bouju, X.; Joachim, C., Rolling 
a single molecular wheel at the atomic scale. Nat Nano 2007, 2 (2), 95-98. 
14. Manzano, C.; Soe, W. H.; Wong, H. S.; Ample, F.; Gourdon, A.; Chandrasekhar, N.; Joachim, C., 
Step-by-step rotation of a molecule-gear mounted on an atomic-scale axis. Nat Mater 2009, 8 (7), 
576-579. 
15. Kudernac, T.; Ruangsupapichat, N.; Parschau, M.; Maciá, B.; Katsonis, N.; Harutyunyan, S. R.; 
Ernst, K.-H.; Feringa, B. L., Electrically driven directional motion of a four-wheeled molecule on 
a metal surface. 2011, 479, 208. 
16. April, D. J.; Heather, L. T.; Ashleigh, E. B.; Erin, V. I.; Michael, M. L.; Sykes, E. C. H., Time-
resolved studies of individual molecular rotors. Journal of Physics: Condensed Matter 2010, 22 
(26), 264006. 
17. Perera, U. G. E.; AmpleF; KersellH; ZhangY; VivesG; EcheverriaJ; GrisoliaM; RapenneG; 
JoachimC; Hla, S. W., Controlled clockwise and anticlockwise rotational switching of a molecular 
motor. Nat Nano 2013, 8 (1), 46-51. 
18. Urban, K. W., Studying Atomic Structures by Aberration-Corrected Transmission Electron 
Microscopy. Science 2008, 321 (5888), 506-510. 
19. Kisielowski, C.; Freitag, B.; Bischoff, M.; van Lin, H.; Lazar, S.; Knippels, G.; Tiemeijer, P.; van 
der Stam, M.; von Harrach, S.; Stekelenburg, M.; Haider, M.; Uhlemann, S.; Müller, H.; Hartel, P.; 
Kabius, B.; Miller, D.; Petrov, I.; Olson, E. A.; Donchev, T.; Kenik, E. A.; Lupini, A. R.; Bentley, 
J.; Pennycook, S. J.; Anderson, I. M.; Minor, A. M.; Schmid, A. K.; Duden, T.; Radmilovic, V.; 
Ramasse, Q. M.; Watanabe, M.; Erni, R.; Stach, E. A.; Denes, P.; Dahmen, U., Detection of Single 
Atoms and Buried Defects in Three Dimensions by Aberration-Corrected Electron Microscope 
with 0.5-Å Information Limit. Microscopy and Microanalysis 2008, 14 (5), 469-477. 
20. Koshino, M.; Solin, N.; Tanaka, T.; Isobe, H.; Nakamura, E., Imaging the passage of a single 
hydrocarbon chain through a nanopore. Nat Nano 2008, 3 (10), 595-597. 
19 
 
21. Warner, J. H.; Ito, Y.; Zaka, M.; Ge, L.; Akachi, T.; Okimoto, H.; Porfyrakis, K.; Watt, A. A. R.; 
Shinohara, H.; Briggs, G. A. D., Rotating Fullerene Chains in Carbon Nanopeapods. Nano Letters 
2008, 8 (8), 2328-2335. 
22. Ran, K.; Zuo, J.-M.; Chen, Q.; Shi, Z., Electron Beam Stimulated Molecular Motions. ACS Nano 
2011, 5 (4), 3367-3372. 
23. Park, J.; Elmlund, H.; Ercius, P.; Yuk, J. M.; Limmer, D. T.; Chen, Q.; Kim, K.; Han, S. H.; Weitz, 
D. A.; Zettl, A.; Alivisatos, A. P., 3D structure of individual nanocrystals in solution by electron 
microscopy. Science 2015, 349 (6245), 290-295. 
24. Zewail, A. H., Four-Dimensional Electron Microscopy. Science 2010, 328 (5975), 187-193. 
25. Kim, J. S.; LaGrange, T.; Reed, B. W.; Taheri, M. L.; Armstrong, M. R.; King, W. E.; Browning, 
N. D.; Campbell, G. H., Imaging of Transient Structures Using Nanosecond in Situ TEM. Science 
2008, 321 (5895), 1472-1475. 
26. Meyer, J. C.; Girit, C. O.; Crommie, M. F.; Zettl, A., Imaging and dynamics of light atoms and 
molecules on graphene. 2008, 454, 319. 
27. Erni, R.; Rossell, M. D.; Nguyen, M.-T.; Blankenburg, S.; Passerone, D.; Hartel, P.; Alem, N.; 
Erickson, K.; Gannett, W.; Zettl, A., Stability and dynamics of small molecules trapped on 
graphene. Physical Review B 2010, 82 (16), 165443. 
28. Schäffel, F.; Wilson, M.; Warner, J. H., Motion of Light Adatoms and Molecules on the Surface 
of Few-Layer Graphene. ACS Nano 2011, 5 (12), 9428-9441. 
29. Sloan, J.; Liu, Z.; Suenaga, K.; Wilson, N. R.; Pandey, P. A.; Perkins, L. M.; Rourke, J. P.; Shannon, 
I. J., Imaging the Structure, Symmetry, and Surface-Inhibited Rotation of Polyoxometalate Ions on 
Graphene Oxide. Nano Letters 2010, 10 (11), 4600-4606. 
30. Fang, L.; Liu, P.; Sveinbjornsson, B. R.; Atahan-Evrenk, S.; Vandewal, K.; Osuna, S.; Jimenez-
Oses, G.; Shrestha, S.; Giri, G.; Wei, P.; Salleo, A.; Aspuru-Guzik, A.; Grubbs, R. H.; Houk, K. 
N.; Bao, Z., Confined organization of fullerene units along high polymer chains. Journal of 
Materials Chemistry C 2013, 1 (36), 5747-5755. 
20 
 
31. Kim, K.; Lee, H.-B.-R.; Johnson, R. W.; Tanskanen, J. T.; Liu, N.; Kim, M.-G.; Pang, C.; Ahn, C.; 
Bent, S. F.; Bao, Z., Selective metal deposition at graphene line defects by atomic layer deposition. 
Nature Communications 2014, 5, 4781. 
32. Cançado, L. G.; Jorio, A.; Ferreira, E. H. M.; Stavale, F.; Achete, C. A.; Capaz, R. B.; Moutinho, 
M. V. O.; Lombardo, A.; Kulmala, T. S.; Ferrari, A. C., Quantifying Defects in Graphene via 
Raman Spectroscopy at Different Excitation Energies. Nano Letters 2011, 11 (8), 3190-3196. 
33. Meyer, J. C.; Eder, F.; Kurasch, S.; Skakalova, V.; Kotakoski, J.; Park, H. J.; Roth, S.; Chuvilin, 
A.; Eyhusen, S.; Benner, G.; Krasheninnikov, A. V.; Kaiser, U., Accurate Measurement of Electron 
Beam Induced Displacement Cross Sections for Single-Layer Graphene. Physical Review Letters 
2012, 108 (19), 196102. 
34. Kim, K.; Coh, S.; Kisielowski, C.; Crommie, M. F.; Louie, S. G.; Cohen, M. L.; Zettl, A., 
Atomically perfect torn graphene edges and their reversible reconstruction. Nature 
Communications 2013, 4, 2723. 
35. Huang, J. Y.; Ding, F.; Yakobson, B. I.; Lu, P.; Qi, L.; Li, J., In situ observation of graphene 
sublimation and multi-layer edge reconstructions. Proceedings of the National Academy of 
Sciences 2009, 106 (25), 10103-10108. 
36. Jia, X.; Hofmann, M.; Meunier, V.; Sumpter, B. G.; Campos-Delgado, J.; Romo-Herrera, J. M.; 
Son, H.; Hsieh, Y.-P.; Reina, A.; Kong, J.; Terrones, M.; Dresselhaus, M. S., Controlled Formation 
of Sharp Zigzag and Armchair Edges in Graphitic Nanoribbons. Science 2009, 323 (5922), 1701-
1705. 
37. Kim, K.; Lee, Z.; Malone, B. D.; Chan, K. T.; Alemán, B.; Regan, W.; Gannett, W.; Crommie, M. 
F.; Cohen, M. L.; Zettl, A., Multiply folded graphene. Physical Review B 2011, 83 (24), 245433. 
38. Feng, X.; Kwon, S.; Park, J. Y.; Salmeron, M., Superlubric Sliding of Graphene Nanoflakes on 
Graphene. ACS Nano 2013, 7 (2), 1718-1724. 
39. Lebedeva, I. V.; Knizhnik, A. A.; Popov, A. M.; Ershova, O. V.; Lozovik, Y. E.; Potapkin, B. V., 
Fast diffusion of a graphene flake on a graphene layer. Physical Review B 2010, 82 (15), 155460. 
21 
 
40. Shibuta, Y.; Elliott, J. A., Interaction between two graphene sheets with a turbostratic orientational 
relationship. Chemical Physics Letters 2011, 512 (4), 146-150. 
41. Popov, A. M.; Lebedeva, I. V.; Knizhnik, A. A.; Lozovik, Y. E.; Potapkin, B. V., Barriers to motion 
and rotation of graphene layers based on measurements of shear mode frequencies. Chemical 
Physics Letters 2012, 536 (Supplement C), 82-86. 
42. Seydou, M.; Marsaudon, S.; Buchoux, J.; Aimé, J. P.; Bonnot, A. M., Molecular mechanics 
investigations of carbon nanotube and graphene sheet interaction. Physical Review B 2009, 80 (24), 
245421. 
43. Egerton, R. F., Beam-Induced Motion of Adatoms in the Transmission Electron Microscope. 
Microscopy and Microanalysis 2013, 19 (2), 479-486. 
44. Kim, K.; Lee, T. H.; Santos, E. J. G.; Jo, P. S.; Salleo, A.; Nishi, Y.; Bao, Z., Structural and 
Electrical Investigation of C60–Graphene Vertical Heterostructures. ACS Nano 2015, 9 (6), 5922-
5928. 
45. Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C. N., Superior 
Thermal Conductivity of Single-Layer Graphene. Nano Letters 2008, 8 (3), 902-907. 
46. Bolotin, K. I.; Sikes, K. J.; Jiang, Z.; Klima, M.; Fudenberg, G.; Hone, J.; Kim, P.; Stormer, H. L., 
Ultrahigh electron mobility in suspended graphene. Solid State Communications 2008, 146 (9), 
351-355. 
47. Robertson, A. W.; Lee, G.-D.; He, K.; Yoon, E.; Kirkland, A. I.; Warner, J. H., Stability and 
Dynamics of the Tetravacancy in Graphene. Nano Letters 2014, 14 (3), 1634-1642. 
48. Robertson, A. W.; Lee, G.-D.; He, K.; Fan, Y.; Allen, C. S.; Lee, S.; Kim, H.; Yoon, E.; Zheng, H.; 
Kirkland, A. I.; Warner, J. H., Partial Dislocations in Graphene and Their Atomic Level Migration 
Dynamics. Nano Letters 2015, 15 (9), 5950-5955. 
49. Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.; Jung, I.; Tutuc, E.; 
Banerjee, S. K.; Colombo, L.; Ruoff, R. S., Large-Area Synthesis of High-Quality and Uniform 
Graphene Films on Copper Foils. Science 2009, 324 (5932), 1312-1314. 
22 
 
50. Kim, K.; Lee, Z.; Regan, W.; Kisielowski, C.; Crommie, M. F.; Zettl, A., Grain Boundary Mapping 
in Polycrystalline Graphene. ACS Nano 2011, 5 (3), 2142-2146. 
51. Virtual NanoLab version 2015.1, QuantumWise A/S, Copenhagen, Denmark. 
52. Lee, G.-D.; Wang, C. Z.; Yoon, E.; Hwang, N.-M.; Ho, K. M., Vacancy defects and the formation 
of local haeckelite structures in graphene from tight-binding molecular dynamics. Physical Review 
B 2006, 74 (24), 245411. 
53. Tang, M. S.; Wang, C. Z.; Chan, C. T.; Ho, K. M., Environment-dependent tight-binding potential 
model. Physical Review B 1996, 53 (3), 979-982. 
54. Lee, G.-D.; Wang, C. Z.; Yoon, E.; Hwang, N.-M.; Kim, D.-Y.; Ho, K. M., Diffusion, Coalescence, 
and Reconstruction of Vacancy Defects in Graphene Layers. Physical Review Letters 2005, 95 (20), 
205501. 
55. Lee, G.-D.; Wang, C. Z.; Yoon, E.; Hwang, N.-M.; Ho, K. M., Reconstruction and evaporation at 
graphene nanoribbon edges. Physical Review B 2010, 81 (19), 195419. 
56. Lee, G.-D.; Yoon, E.; Hwang, N.-M.; Wang, C.-Z.; Ho, K.-M., Formation and development of 
dislocation in graphene. Applied Physics Letters 2013, 102 (2), 021603. 
  
23 
 
III. C70 amorphous molecular structure and dynamics on graphene 
 
 
3.1 Introduction 
Disordered materials, such as glassy or amorphous materials, display peculiar thermodynamic 
behaviors and have been intensively investigated over the past decades.1,2 Moreover, various amorphous 
materials are widely used in industrial applications and consumer products and the fundamental 
understanding of the disordered structural phase is needed to facilitate the advancement in the material 
processing and fabrication. The key structural information of these disordered states has been mainly 
obtained though diffraction techniques,1 where only limited spatial and temporal information is 
provided. Recently, instead of diffraction techniques, the real-spacing imaging of disordered model 
systems such as granular3 or colloidal particles4-6 gave profound insight such as heterogeneous diffusion 
behaviors at the glass transition of the system.5,6 However, the real-space imaging and related study on 
the atomic (or molecular) disordered states have been very limited,7 mainly due to the limitation in 
application of imaging tools to the complex disordered systems.  
Scanning tunnelling microscopy (STM) and transmission electron microscopy (TEM) are excellent 
tools which allow visualization of individual atoms or molecules8-13. Previous STM and TEM 
investigations successfully observed isolated single atoms (or molecules) and their dynamical behaviors 
under external control.8-10 However, STM can image only the first adsorbed surface and is limited in 
terms of in-depth information. Moreover, the temporal resolution of STM seriously limits the 
application of STM in observation of dynamical behaviors. On the other hand, TEM can be applied to 
image isolated atoms (or molecules) with decent temporal resolution14-17 but the number of studies on 
the disordered states is limited due to the lack of appropriate samples.  
Here, we study disordered C70 molecular structure and single-molecule dynamics by aberration-
corrected transmission electron microscopy (acTEM). C70 on atomically flat graphene substrate exhibits 
pronounced molecular movement and enhanced molecular robustness to electron beam. Our 
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computerized method precisely identifies molecular positions in the disordered state and obtained pair 
and triplet distribution functions of C70 molecules clearly shows the amorphous molecular structure 
with the short-range ordering. We also find that the molecular position in the second layer is off-
centered relative to close-packed stacking position. Moreover, the single molecule monitoring also 
shows heterogeneous diffusive behaviors, where the enhanced liquid-like molecular movement is 
observed for molecules near a pore in C70 packing. Our study clearly demonstrates that acTEM can be 
applied to study disordered molecular system. 
 
3.2 Results and discussion 
To induce the dynamical structural disorder in the system without damaging molecules themselves, 
the electron-beam robustness of molecular species is important. For this goal, we use C70 molecules on 
graphene as a model system. Although most of organic molecules are susceptible to rapid e-beam-
induced irradiation,18 fullerenes show high robustness to e-beam compared to other molecules, which 
makes them a good candidate for investigation. Indeed, with the robustness to electron beam, 
researchers have observed C60 molecular dynamics under e-beam, where C60 have been inserted inside 
a carbon nanotube for one-dimensional confined movement.16 In our study, we choose C70 as molecular 
system and use graphene as molecular assembly template as well as imaging substrate. Graphene has 
high electrical and thermal conductivity and can also reduce the structural damage to sample on it by 
fast energy transfer.19,20 Moreover, due to graphene-molecule interaction, the local thinning of C70 film 
is observed, where isolated molecular movement can be monitored clearly. Compared to C60,21 C70 has 
a slight anisotropy in its molecular shape and it can host pronounced molecular movement. 
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Figure 1. TEM analysis of C70 crystal on a graphene substrate. (a) Bright-field TEM image of C70 
crystal on a graphene TEM grid. Scale bar, 1 µm. (b) Electron diffraction of C70 crystal on graphene. 
Scale bar, 2 nm-1. (c) HRTEM image of the sample. The uniform, well-ordered C70 crystalline 
arrangement is observed. Scale bar, 10 nm. (d-e) ABC stacking model of C70 on graphene (top and side 
view). (f) Zoomed-in atomic model, (g) TEM image and (h) simulated image of the crystal (defocus 
value at 15 nm). Scale bar, 1 nm. 
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Figure 2. Order-to-disorder structural transition of C70 assembly on graphene under electron 
beam. (a-c) TEM images of C70 molecular arrangement under electron beam showing order-to-disorder 
transition. Scale bar, 2 nm. (d) Atomic model, (e) corresponding TEM simulation image, and (f) 
experimental TEM image of an isolated C70 molecule on graphene. Scale bar, 1 nm. (g) Intensity profile 
comparison between simulation and experimental images along red and black lines in panel e and f. 
 
We deposit C70 molecules onto graphene membrane to make a thin film by thermal evaporation (See 
method section for detailed information). It is known that the anisotropic C70 molecular shape can lead 
to molecular orientation alignment at low temperature, which is hexagonal close packing (hcp).22 From 
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the electron diffraction, we find that the nearest neighbour distance between molecules in the initial C70 
film is 1.07 nm without any signal of anisotropy in terms of C70 orientation (Figure 1). The observed 
thin-film (10 nm thick) C70 crystal structure is consistent with the high-temperature phase with face 
centered cubic (fcc).22 The film also shows the uniform and well-ordered structure (Figure 1). The 
following results are mainly obtained with ~ 3 nm thick C70 samples. 
The well-ordered C70 packing structure can undergo a structural transition to a disordered state under 
the electron-beam. Figure 2a-c show TEM images of C70 film on graphene, which reveals the structural 
transition from ordered to disordered configurations. As the C70 molecular long-range order diminishes, 
we observe the change in local C70 film thickness. Under the prolonged e-beam irradiation, bare 
graphene surface, which can be also regarded as a pore in C70 film, is observed locally as shown in 
Figure 2c. Around the pore in C70 film, the local thickness of film is sub-monolayer and isolated C70 
molecules with circular shape can be clearly observed. The observed molecular shape (Figure 2f) and 
the line intensity profile along the molecule are consistent with the TEM simulation data (2e and 2g). 
The well-defined circular shape of C70 molecules, shown as the dark circular line at the imaged 
condition (defocus value at -13 nm) can be used to efficiently identify molecular positions even in an 
area where the direct recognition of molecules is difficult due to multiple molecular overlaps. To 
identify the molecular positions in a reliable way, we devise an image processing scheme where circles 
with predesignated radius r is automatically identified. For this goal, we process TEM images by the 
circumference transform, where circles can be efficiently identified (Scheme 1). To validate our method, 
we also test our image transform applied to TEM simulation images. As shown in Figure 3, the process 
successfully identifies the centers of molecules with precision higher than 95% for the 1 ~ 3 molecular 
layers. With the circumference transform, experimentally-obtained TEM images are processed and the 
centers of molecules are identified as shown in Figure 4a-c. The well-known Hough transform23,24 and 
other schemes are also tested but we find that the circumference transform yields the most reliable 
identification of C70 molecules. 
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Scheme 1. Image processing for molecular center identification 
 
 
Figure 3. Validation of molecular center identification process using simulated TEM images. (a) 
Atomic model of disordered C70 structure on graphene. (b) Corresponding TEM simulation image of 
the model with the defocus value at -13 nm. (c) Transformed image showing dark spots at the center of 
molecules (d) TEM simulation image with identified center position overlay.  
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Figure 4. Pair distribution function (PDF) of C70 molecules in the disordered state. (a-c) Molecular 
position identification process. (a) Experimental TEM image, (b) image after the circumference 
transform, and (c) TEM image with identified center position overlay. Scale bar, 2 nm. (d) PDF 
averaged over time. The red reference peaks indicate the calculated pair distances with ABC-stacked 
fcc C70 crystal. The inset schematics show the atomic models with the observed molecular position shift 
(red model) from the ABC stacking (open circle). (e) Time evolution of PDF. 
 
The pair distribution function (PDF) is one of the most important physical quantities to characterize 
the disordered structural state. Using the pre-described automatic identification process, we calculate 
the PDF for C70 molecules as 
 ݃ଶ(ݎ) =
ଵ
ଶగ௥ఘ
∑ ߜ൫ݎ௜௝ − ݎ൯௜,௝ (௜ஷ௝)                                  eq. (1) 
where ݎ௜௝ is a distance from the ith to jth molecules, ߩ is the number density of molecules.  
The PDF exhibits the peaks around r = 0.5 and 1.0 nm and converges to unity for the range above 
the 2.0 nm, which clearly shows that the observed system is amorphous without long-range ordering. 
The precise peak positions are slightly different from the positions calculated from close-packed fcc 
30 
 
molecular assembly. In particular, the peak position around 0.5 nm is slightly down-shifted, showing 
the apparent lattice contraction compared to the original well-ordered C70 crystal. We note that the PDF 
in our case is obtained from 2D projection and the peak position around 0.5 nm is the projection distance 
between molecules at different layer (or z-height) as shown in the insets of Figure 4d. The observed 
shift can be interpreted as the molecular position shift in the upper layer of molecules as depicted in the 
model. Three-dimensional PDF must be zero for ݎ < n. n. distance  (nearest neighbor distance), 
whereas the molecular distance in the 2D projected image can be significantly shorter or even zero 
(aligned overlap).25 In general, the 2D projection mainly has the effect of down-shift of peaks in 3D 
counterpart.25 Figure 4e shows the time-evolution of pair distribution function with images of 10.4 nm 
✕ 9.0 nm amorphous sample area. Over 350 image frames, the PDF does not display a time-dependent 
feature, which implies that the observed molecular disorder reaches a steady state. 
The triplet distribution function (TDF) has more detailed structural information than the PDF. For 
example, the angle between bonding can be characterized from TDF. TDF is calculated as 
݃ଷ(ݎଵଶ, ݎଵଷ, ߠଶଷ) =
ଵ
ଶగ௥భయఘ
∑ ߜ(ݎ௜௝ − ݎଵଶ)ߜ(ݎ௜௞ − ݎଵଷ)௜,௝,௞ (௜ஷ௝ஷ௞)                eq. (2) 
where ݎ௜௝ is a distance from the ith to the jth molecules, ߠଶଷ is an angle between ݎଵଶ and ݎଵଷ, ߩ is 
the number density of molecules. 
For visualization of TDF, we plot ݎଵଷ (x-axis) and ߠଶଷ (y-axis) for a given ݎଵଶ. Figure 5a and 5b 
show TDF of the observed C70 structure in the case of ݎଵଶ=0.61 and 1.06 nm, respectively. The selected 
ݎଵଶ are the first and second peak positions in PDF calculated from the fcc molecular assembly. Both 
TDFs show the line features in the vertical direction, which indicates the reduced angular correlation 
(Figure 5a and 5b). The intensity plots along the dashed vertical lines (Figure 5c and 5d) clearly show 
that the angular broadening at the observed peaks is around 20 degrees. 
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Figure 5. Triplet distribution function (TDF). (a-b) TDF of the observed C70 structure with ݎଵଶ=1.06 
and 0.61 nm, respectively. The observed peak shifts from the crystal model are denoted as red dashed 
circles. (c-d) Angular distribution along the red and black dashed lines in panels a and b, respectively. 
The vertical red (or black) peaks indicate expected peak position from the crystal model. (e) ABC-
stacked crystal model of C70 structure (top and side view). The set of colored arrows (A, B and C) 
corresponds to black stars in panel a and b. (f) Atomic models illustrating the observed peak shifts. The 
open red circle indicates the molecular positions in close-packed C70 structure and the red model 
indicates the observed positions. 
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A careful comparison of TDF with the calculated peak positions from the crystal model (Figure 5e) 
indicates that there are significant peak shifts compared to the expected peak positions from the well-
ordered crystal model as marked by dashed red regions. The observed peak shifts can be explained by 
the molecular position changes in the upper layer, similar to the PDF case. The position of red C70 
molecule in the second layer is off-centered from the close-packed (ground-state) configuration, the 
center of the molecular triangle in the lower layer (Figure 5f). The observed configurations can be 
originated from e-beam perturbation, which can supply the required energy to occupy higher energy 
configurations. The previous studies on e-beam irradiation to the atomic and molecular structure have 
revealed the similar behaviors, where the high energy barrier can be mainly overcome by e-beam 
energy.26  
 
 
Figure 6. Isolated and collective molecular motions. (a) A time series of TEM images showing a 
single C70 molecular movement on graphene. The white arrow indicates the displacement direction of 
the molecule under study. (b-c) A time series of TEM images showing collective molecular motions. 
Scale bar, 2 nm 
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Figure 7. Collective motions of molecules. (a) TEM snapshots of collective molecules. Scale bar, 2 
nm. (b) Triplet distribution function of the blue shaded molecules with 0.9 nm ≤ ݎଵଶ ≤ 1.1 ݊݉. (c) 
Distribution intensity plot along black dashed lines in panel b. (d) TEM snapshot of tetrahedron C70 
structure and the molecular model obtained from the image. Scale bar, 2 nm. 
 
The dynamical behaviors of molecules with single molecule sensitivity can be achieved, especially 
around the pore in C70 film. Figure 6a shows a time series of TEM image around a pore of C70 layer 
where isolated molecular motion can be clearly captured. In Figure 6a, the marked molecule shows 
pronounced movement on the graphene surface, where the molecule moves predominantly towards the 
exposed graphene surface. The collective molecular motions are also observed where the molecular 
interaction and local configurations can be changed under electron-beam (Figure 6b and 6c). The local 
molecular structure can display various quasi-ordered structures such as hexagonal and square lattice. 
(Figure 6b and Figure 7a-c). Four C70 molecules can take a tetrapod molecular assembly configuration 
and show dynamical behavior including rotational and translation movements under e-beam. (Figure 
6c) Figure 7d represents that the position of the inner molecule in the tetrapod is off-centered similar to 
the model described in Figure 4 and 5. 
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Figure 8. Single molecule tracking. (a-b) Trajectory of a C70 molecule. The starting position is set as 
(X=0, Y=0). The molecule under tracking is identified in the TEM image (inset). Scale bar, 2 nm. (c-e) 
Histograms of the displacement of 13 molecules near the exposed graphene area and corresponding 
TEM image. Scale bar, 2 nm. (f-g) Correlation between the coordination number (open circles) and the 
step length (red lines) of the molecule under tracking. The grey thick line is a guide to the eye for the 
coordination number. Initial (h) and final (i) snapshots of TBMD simulations of C70 on graphene. The 
violet molecule in the central area shows the prominent movement. 
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Figure 9. Trajectory of C70 molecules in high local density region. The starting positions are set as 
(X=0, Y=0 and X=0.8, Y=3). The molecules under tracking are identified in the TEM inset. Scale bar, 
2 nm. 
 
With the ability to track single molecule dynamics, we track 2D diffusion behaviors of C70 molecules 
(Figure 8). Figure 8a and 8b show 2D position information of molecules under tracking. The molecules 
usually display small diffusivity but sporadic large displacement occurs, which is quite different from 
the conventional random-walk diffusion behaviors.27 The sporadic large displacement of molecules is 
only observable near the pore; we observe the enhanced movement of molecules around the C70 pore. 
Figure 8c-e further supports that the molecular displacement exhibits two different kinds of dynamics, 
short diffusion and sporadic large displacements. This can be understood by the fact that the higher 
molecular density plays as a high energy barrier for the diffusional movement due to jamming effect. 
C70 molecular diffusion energy barrier on graphene is very low17 and the most significant energy penalty 
for movement is originated from C70 molecule-molecule interaction. Therefore, the molecules with 
small near-by coordination numbers can have lower energy barrier for movement and therefore exhibit 
enhanced diffusivity. This interpretation is consistent with Figure 8f and 8g, where the correlation 
between the coordinate number and the molecular displacement is observed and the large displacements 
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are often triggered at low coordination numbers. Moreover, the molecules at the higher density area 
show very small displacement movements due to confinement effect: the movement is order of 
magnitude smaller compared to the molecules near the pore area as shown in Figure 9. We note that the 
heterogeneous diffusion behavior is the liquid-like property of an amorphous material above its glass 
transition temperature. 
To understand the molecular movement on graphene, we perform tight-binding molecular dynamics 
(TBMD) simulations. This work is performed by Professor Gun-Do Lee. TBMD is very efficient for 
investigation of atomic configurations and dynamical behaviors observed in carbon-based materials 
through TEM observation.28,29 We simulate a sub-monolayer molecular coverage of C70 on graphene, 
where the graphene is exposed partially. Figure 8h and 8i show the initial and final snapshots of 
simulation results. C70 molecules exhibit diffusive behaviors on graphene substrate and the most 
pronounce movement is observed from the colored molecule initially positioned inside the pore of C70 
layer. The molecules with low coordination numbers have large space available near-by for diffusion 
together with lower energy barrier from less molecule-molecule interaction, similar to experimental 
observation. We note that simulations show the direction drift of overall molecular movement, possibly 
due to the limited unit cell size and initial simulation conditions. We also find that the diffusion 
coefficient from the simulation is consistent with a previous simulation result on C60/graphene.30 
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3.3 Methods 
Graphene sample preparation. Graphene was synthesized by chemical vapor deposition (CVD) 
process31. Copper foil with 25 µm thickness was used as the synthesis substrate. CVD graphene was 
transferred to Quantifoil holey carbon grids via a direct transfer method.32,33 
 
C70 film deposition onto graphene. C70 films were deposited onto graphene TEM grids by thermal 
evaporation. Before the thermal evaporation process, TEM grids were pre-annealed in air at 200 oC for 
30 mins to minimize surface adsorbates on graphene. The C70 films with thickness ranging from 0.5 to 
10 nm were deposited with the deposition rate of 0.05 Å/sec under the vacuum pressure of 2 ×10-6 torr. 
The graphene substrate was held at 110 oC during the deposition. 
 
TEM imaging and simulation. TEM imaging was performed with a Titan equipped with an image 
aberration corrector operated at 80 kV. Selected area electron diffraction was performed with a Tecnai. 
TEM movies were recorded using the CamStudio program with a temporal resolution of around 0.2 s 
per frame. TEM image simulations were performed using MacTempas software under experimental 
imaging conditions. The simulation images were obtained at a defocus value of −13 nm. 
 
Image processing and circumference transform. The image processing was performed using 
custom ImageJ macro. To reduce noise level of the experimental TEM image, Bandpass filter and 
Enhance contrast functions were used (Scheme 1). In the observed TEM images, the circumference of 
C70 molecules shows dark contrast. Using the circular geometry of C70 molecules, circular path with the 
radius of C70 is taken to specify center of molecules. The pixel intensity of the image is transformed 
C: ܫ൫ ሬܴ⃗ ൯ → ܫ௖൫ ሬܴ⃗ ൯ = ܵ ∑ Θ(݂൫ ሬܴ⃗ + ݎపሬ⃗ ൯ − ݉)
ே
௜   
where ܫ  is the pixel intensity, ܫ௖  is the transformed pixel intensity,  ܴ  is a pixel position, ܵ  is 
scaling factor, ܰ is the number of pixels on the circular path, Θ is the Heaviside step function, r is 
radius vector from the pixel position, m is an average image intensity. After the image transform, the 
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molecular center shows the local minimum intensity, which appears as a dark spot in the transformed 
images (Scheme 1). The image process is also valid for multiple overlaps of molecules, up to at least ~ 
3 layers of molecules (Figure 3). For each image frame of recorded movies, the dark spots are identified, 
and all molecular position data set is recorded (Scheme 1). This procedure is repeated for all movies. 
 
Disordered C70 structure modeling. We construct an atomic model of disordered C70 layers on 
graphene using a Monte-Carlo method. To build reasonable structure, the nearest neighbor distance of 
a C70 crystal is set as a constraint of a minimum inter-molecular distance. The center positions of C70 
molecules within a layer are randomly assigned using the Monte-Carlo method with the constraint. We 
also vary the molecular orientation randomly to construct a disordered structure (Figure 3a). 
 
Computational Details. The tight-binding molecular dynamics (TBMD) simulations were 
performed using a modified environment-dependent tight-binding (EDTB) carbon potential34, which 
was modified from the original EDTB carbon potential35 to study carbon sp2 bond networks and has 
been successfully applied to the investigations of various defect structure in graphene.36-38 The self-
consistent calculations were performed by including a Hubbard-U term in the TB Hamiltonian to 
correctly describe charge transfers in carbon atoms of dangling bonds and to prevent the unrealistic 
overestimation of charge transfers. In this study, the parameter U was taken to be 4 eV. Modified 
Lennard-Jones type potential was also adapted to consider van der Waals interactions. The equations of 
motion of the atoms were solved using the fifth order predictor-corrector algorithm with a time step of 
1.0 fs. In the simulation unit cell, there were 648 carbon atoms in a graphene layer and 910 carbon 
atoms in C70 molecular layer. The simulations were performed at a temperature of 4000 K under a linear 
temperature control to accelerate the dynamics so that the structural transition could be observed during 
the simulation time. The velocity scaling method was also used to control temperature. The total 
simulation time was 4.98 ps. 
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IV. Summary and Conclusions 
 
This thesis covers the structural investigation and dynamical behaviors of fullerene molecules on 
graphene using aberration-corrected TEM. Fullerene/graphene heterostructure represents stable 
imaging condition under the electron beam irradiation. With this molecular system, time-resolved TEM 
imaging can directly show molecular dynamics at a single-molecule level. 
 
We observe preferential registry of rotating molecules on graphene, explained by stacking-dependent 
energy landscape between molecule and graphene substrate. Moreover, by analyzing molecular 
dynamics, we can estimate the energy barrier for rotational-angle configuration changes from elastic 
scattering theory. When applied to other systems, our study can provide valuable information on 
molecular dynamics and energetics for various molecular systems. 
 
In addition, we demonstrate e-beam induced disordered molecular structure and analyse their 
molecular dynamics with single-molecule sensitivity. The pair and triplet distribution function of C70 
molecules on graphene are calculated in detail using the automated molecular position identification 
process. The off-centered position for molecules in the second layer indicates that the energetically 
excited configuration is reached at the observed amorphous structure. The dynamically heterogeneous 
behaviors of molecules, i.e., the enhanced molecular diffusion behaviors near the molecular pore, bare 
the similarity to the dynamical heterogeneity observed from other model systems during the glass-to-
liquid transition. Our presented methods are not limited to C70 but can be extended to study other 
molecular disordered systems. 
 
